This dissertation is dedicated to the study of the seismic performance of an existing long reinforc ed concrete (RC) bridge localized in a region of moderat e seismicity. The RC bridge is 440 m long with 6 spans and piers with very different lengths, 3 of which are monolit hically connected to the deck. In order to better understand the roles of the high size and low size piers in the overall response of the bridge under seismic loading several analyses were carried out in the longit udinal direction.
Introduction
Till mid fifties of last century the effect of the seismic action on structures was represented by static lateral forces with value equivalent to a percent of the existing vertical loads. This method was considered not s ufficient t o characterize the seismic behavior and, consequently, other methods based on the kinematic and dynamic modeling of the structures were developed. Non-linear analyses were recommended aft er understanding that the linear methods by themselves could not represent the reality in many instances, even though linear modeling t ogether with the concept of ductility is still in use in the majority of the design offices. At that time a set of studies were made in order to study in detail the cycle behavior of steel and concrete, and the influence of various seismic parameters of t he seismic action namely the Peak Ground Acceleration (PGA), the Peak Ground Velocity (PGV), the frequency content and the duration.
In t he behavior of the structure one s hould ex plore the ductility , not only to support the displacements but mainly the energy accumulated in the structure. In the past code (RSA, 1983) and in the recent developed EC-8 the linear methods are rec ommended toget her with the use of behavior coefficients.
However, with the introduction of high capacity computations, it is possible today to analyze more complex structures, giving rise to the non -linear static and dynamic studies. In particular, the static methods, among which is the so-called N2, when applied to regular structures present results which are quite adequate and so they initiate their exploitation in design (as recommended in EC-8).
Nevertheless, for irregular structures they do not have the capacity to simulate all the conditioning constrains. In this dissertation where an irregular structure wit h a pier of high stiffness is modeled, this method is tested against a more general method of non-linear dynamic analysis, and results are confront ed both with non-linear static and with just linear methods. This way it is possible to check how far the more sophisticated method comes from other methods.
The bridge has a total length of 440 m with 6 spans: the central two with 100 m, two with 75 m and the two connecting to the embankments with 45 m. The deck, a monolithically multi-supported beam has a hollow box-girder of variable height. The three central piers are monolithic ally connected to the deck and are 62,0; 67,4 and 24,8 m high. The cross-section of these piers is typically an hollow rectangle reinforced at the c orners and with variable dimensions in t he region close to the bas e. The other spans are supported by supporting devices at the piers connections and embankments. Following the initial design a concret e C40 and steel class A400 were used in this analysis. The main properties of t hese materials which, were used in the linear analysis, are presented in Table 2 .1, while the non-linear constitutive relations for those materials are shown in Figure 2 .2. 
Dynamic Linear Analysis
The linear analysis was performed wit h the Sap2000 software, strictly following the original drawings.
The deck and the piers were modeled with "beam elements" with a discretization of for pier 4 and for all other elements. Piers were built -in at the foundation, a solid rock geological complex. In this analysis all piers were supposed monolithically connected to the deck. The concrete Young moduli value is reduced to 50% to consider the exterior cracking of concrete. Two main modal shapes were identified in the analysis performed on the longitudinal and vertical direction only: one associated to the longitudinal displacement of the deck with a period of , and the local mode of pier 3 with a period of These values were validat ed by in-situ ambient measurements provoked by the vibration of passing cars and vans.
In the design of the steel bars, a was considered and the bridge was studied for three different zones of inc reasing seismicity starting from the original situation: Azambuja with a lower hazard than Lisbon, Lisbon and Aljezur with a higher hazard. 
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The stresses directly obtained from Sap2000 were added to the ones due to second order effects. The analysis of the t rans versal section is made through a simple model of an equivalent binary moment where the group of core-flange support all the flectural load, Figure 3 -right. By analyzing the efforts in pier 4 it was possible to determine the seismic action in Lisbon such as the one which can exploit better the ductility of that pier due to perc ent of reinforced bars of . The displacement of the deck for this case is and the basal shear which corresponds to a seismic coefficient . Table 3 .1 presents the design efforts. The piers are designed according to EC-8-2 based on capacity design considering a overstrength factor of . The length of the critical zone is for both the upper and the lower zones.
The steel bars are 192Φ32 and 176Φ32 respectively, in the lower and upper critical zones. These quantities are distributed to the flange and the core. In the connecting zone the steel perc ent is reduced until approximately mid height where the steel is 30Φ32. Dealing with hollow sections EC-8-2
does not require confinement; however, in the cores a minimum quantity of steel for outer stirrups and four stirrups in the i nner part in bot h directions, all Φ12//0,1. To warranty an adequate shear safety in the connection between cores and webs, an additional reinforcement with double stirrups Φ16//0,1 in the critical zones and Φ12//0,10 elsewhere. In the other piers a longitudinal steel of 64Φ25 was applied along all height.
Non-Linear Static Analysis
Using the non-linear software SeismoStruct [1] a static analysis of the structure was made for t he ground motion of Lisbon. To proceed with this soft ware several adaptations were required to represent the cross-sections by fiber areas. The deck was modeled as in Sap2000 in such a way to keep two conditions: (i) equal displacement and (ii) equal stiffness rotation, at the top of piers. To achieve that the elements of the deck between piers are considered with the same flexure stiffness as in Sap2000. The spans outside the central spans are modeled with rotation springs. The masses associated directly to piers 2, 3, 4 are applied as concentrated masses in the upper part of each one.
The remaining masses are applied at a point outside showing identical displacement to t he displacement of the top of piers.
Piers cross sections are modeled as an equivalent section that the program has in his library. among the possibilities, the option was to use an H shape due to the large area far from the centre, keeping in mind that only the longitudinal direction of the bridge was under study. One should note that the plastic behavior of both sections is similar; however, due to the large variation of Young Modulus along its length, the quantity of area of fibers further located is a factor that may jeopardize the equivalence proc ess of sections once the equivalent section presents larger areas of fibers further located than the original section.
In order to study the sensitivity of distribution of fibers in the lateral stiffness, in the individual behavior of each pier and the state of stress-extension of the critical section, four different models of longitudinal steel distribution were created. The steel used in each pier was the one obtained with t he linear model for the three piers described above. The name attributed to each case reflexes the amount of reinforcement applied as shown in Table 4 .1, being b the lowest steel case and A t he highest. The table presents also the reasons for the different choices and the expected results.
The target displac ement for each above referred model subjected to s eismic loading is comput ed using the N2 approach [2] , making use of the simplification of the system into an equivalent degree of freedom. The equivalent period is determined equating the energy accumulated by both the original and the equivalent system (assuming an elasto-plastic behavior).
The equivalent mass is associated to the mass which actively contribut es to the fundamental mode shape of the bridge in the longitudinal direction. That is the mass of the deck plus the masses of the piers above their inflection points. For flexible structures the target displacements developed by the structure and by the equivalent single degree of freedom are identical. The latter is obtained from the response spectrum. The coefficient between the total bas e shear in the elastic and in the original models reflects the ductility capacity of the bridge, and it increases wit h the increase of the stiffness of the secondary piers, and, mainly with the decrease of stiffness of secondary piers.
The same statement can be held about the value of . As such the decrease of the equivalent period is associated to higher stiffness and corresponding proximity of a rigid-perfectly plastic behavior, which is an ideal situation as far as energy dissipation is concerned. Mini mum steel in all piers . Economicall y is the mos t advanta geous and the one expected to yield in fi rst place. As i t should lead to large spectral displa cements due to the increase of vibra ting peri od, it shows a hi gher ductili ty requi rement.
A.A.b.
Steel dis tributi on which causes la rger pa rtici pation in the seconda ry piers . It is s tudied ai ming a t determining the deformability capa ci ty of pier 4 whi ch is wi th very low reinforcement.
b.b.A.
Steel distribution a ccording to the linea r model . This distri bution leads to a non-linea r beha vi or better ma tching the linear case. So i t is used as a model for compa rison wi th other cases.
A.A.A.
Ma xi mum distribution of s teel in all piers . This model tends to exploi t to a lesser extension the ductility ca paci ty to support la rger elasti c displa cements . Besides , as i t is more rigid in the beginning, i t leads to s maller spectral displa cements .
The Plastic factor was introduc ed to relat e the ultimate secant rigidity to the tangent rigidity. The conclusion is that the lower participation of the secondary piers leads to an increase of the Plastic factor , and cons equently the restrain of the same dis placements with larger capacity for energy dissipation. Stiffness of pier 4 does not influences this factor. 
Plasticity factor and behavior factor
The b.b.A. model is the one shorter equivalent period and is the sole t hat presents a target displacement lower than all the others. The difference is lower than 3% which is considered negligible.
The stiffness of the secondary piers does not influence the value of first yield which always occurs in section 4-A. For this reason the stage of t he structure is almost exclusively attributed to pier 4. In t he next stage the secondary piers with higher stiffness get gradually a higher participation, allowing a considerable increase in the structural load capacity . On the other hand, the models with s econdary piers with low reinforcement do not increase the capacity in the post-yielding stage.
One can see in Figure 4 .3 (left) that the models, where pier 4 is strongly armed, can support slightly larger displacements in the deck. This is due to the fact that the pier 4 exerts a great reaction on the deck causing smaller curvatures for the same top displacement as schematically represented in 
Relative stifness influence in sections cur vature (right)
The rupture of sections is always due to exhaustion of deformability capacity in the steel. This is due to the significant low position of the neutral axis, a consequence of the low axial reduced load.
For the target displacement the second steel layer of the secondary piers never yield. However, for the models with low reinforcement, yielding is attained bec ause the elements are subjected to larger curvatures (schematically represented in Figure 4 .3, right, by element 1 in contrast with element 2).
On the other hand, for those highly reinforced piers, there is no yielding.
In Table 4 .2. Once the performanc e displacements are identical, one observes that not even the increase in steel reinforcement in pier 4 influences the efforts and deformations of crosssections of secondary piers and vice-versa. This means that these efforts and deformations of pier 4 vary quite slightly with the amount of reinforcement.
Table 4.2 -Loads acting in performance displacements
Dynamic non Linear Analysis
In t his chapter a 5 a dynamic non linear analysis of the models defined in chapter 4 with t he SeismoStruct software by applying a set of acceleration time history records. Six records were synthetically generated and adjusted to the linear spectral shape defined in chapter 3. The records are applied at the foundation level of the 3 central piers, in the longitudinal direction. The analysis of the response of each one of the 4 models is made for the 6 accelerograms, in a total of 24 cases.
The basic target configuration used for comparing results is the horizontal displacement of the deck.
Nonetheless, there is another important configuration at the level of the secondary piers. This latter phenomenon is more visible for the models with lower reinforc ement in these piers. This occurs due to the high flexibility of these piers, moving in higher modes, but not constraining the overall base configuration. On the sequence of a preliminary study of the consequences, one concludes that the curvatures and extensions in t he steel in the sections along the height of the piers do not overpass and These modes introduce t he presence of noise in the overall hysteretic curves. In order to have a measure of the total hysteretic damping coming from t he nonlinear behavior, filtering was applied to the system by creating an optimal model with null mass in t he piers but warranting that the total dy namic mass was the same. As an illustration It should be noted that the scatter associated to the response values is quite high, attaining in one case the value of for displacement. Nevert heless, the hy pothesis of stands if we consider t hat maximum difference between maximum displacements in all cases is smaller than 80%.
Next, the analysis of hysteretic curves is made for eac h case. To estimate the overall area of hysteretic damping dissipation, an envelope of all responses was determined. The area i nside t he envelope represents an upper estimative of the maximum energy dissipated per cycle and the total energy dissipated is only this one multiplied by the number of effective cycles. And a cycle is considered an effective cycle if the deck surpasses the yielding defined in the non -linear static analysis. Damping coefficient due to hysteretic behavior ( ) is given by (5.1). A summary of damping coefficients from hysteretic phenomena is presented i n As such, it was concluded that the behavior coefficient selected for the linear analysis based on EC8-2 ( ) is not a good representation for this bridge, once the N2 method leads to only half of that value. This suggests this type of bridge is considered as an inverted pendulum as the behavior is almost governed by pier 4. In this sense, it is rec ommended that the behavior coefficient, according to EC8-2 should consider t he participation of the various piers and their connection type to the deck, and not only the type of global structural system of the bridge.
Another parameter to t ake into consideration is the plasticity factor that may inform on the importance of the components with less degree of participation.
It became clear that the curvature capacity of these short piers is very much conditioned by the rupture of the steel, but the ultimate curvature is not much influenced by the amount of steel.
As far as the structural solution is concerned, it can be optimized without touching the adopt ed From this study one can conclude t hat the longitudinal seismic analysis of this type of structures should be made exclusively bas ed on the small pier, due to the fact that whatever exploitation of the resistance of the longer piers, the participation of the small pier is predominant in the overall response.
